Activated sludge has been widely used in wastewater treatment throughout the world. However, the biggest disadvantage of this method is the by-production of excess sludge in a large amount, resulting in difficulties in operation and high costs for wastewater treatment. Technological innovations for wastewater treatment capable of reducing excess sludge have thus become research topics of interest in recent years. In our present research, we developed a new biological wastewater treatment process by repeated coupling of aerobes and anaerobes (rCAA) to reduce the excess sludge during the treatment of wastewater. During 460-day continuous running, COD (300-700 mg/L) and TOC (100 -350 mg/L) were effectively removed, of which the removal rate was above 80 and 90%, respectively. SS in the effluent was 13 mg/L on average in the rCAA bioreactor without a settling tank. The on-site reduction of the excess sludge in the rCAA might be contributed by several mechanisms. The degradation of the grown aerobes after moving into the anaerobic regions was considered to be one of the most important factors. Besides, the repeatedly coupling of aerobes and anaerobes could also result in a complex microbial community with more metazoans and decoupling of the microbial anabolism and catabolism.
Introduction
Biological processes, including activated sludge and biofilm process, are widely utilised in wastewater treatment. However, the largest disadvantage of the activated sludge is the formation of excess sludge in large amounts, resulting in difficulties in operation and high costs for wastewater treatment. Various innovative approaches have been proposed, aimed at the reduction or elimination of excess sludge production (Liu and Tay 2001) .
The sludge production rate mainly depends on the substrate-to-biomass yield and endogenous respiration (Rocher et al., 1999) , and the former takes the most important part. Approaches for decreasing the substrate-to-biomass yield involve: (1) physicochemical post-treatment of the excess sludge before its return to the aeration tank (Yasui and Shibata, 1994; Jung et al., 2001; Liu, 2003) ; (2) reduction of sludge production within the wastewater treatment (Chen et al., 2002) ; and (3) on-site reduction of excess sludge during the treatment (Chen et al., 2001) .
Principally, the on-site reduction of excess sludge during the treatment is promising from the viewpoint of process engineering. For this purpose, it is necessary to construct a system capable of separating the microbial retention time from that of the wastewater and forming a highly diverse microbial community to achieve the degradation of the grown microbes, as well as the realisation of decoupling of the microbial anabolism and catabolism. In the present study, we aimed at developing a new biological wastewater treatment process by repeated coupling of aerobes and anaerobes (rCAA) to reduce the excess sludge during the treatment of wastewater.
Materials and methods

Experiment equipment
In the present study, macroporous carriers (Eito, 2002) with a spheral structure 10 cm in diameter were used to construct a fixed-bed bioreactor with repeated coupling of aerobes and anaerobes (rCAA) by alternative aeration along the flow direction of the wastewater, as shown in Figure 1 . The rCAA bioreactor consisted of two sequential tanks each measuring 50 cm (L) £ 40 cm (W) £ 30 cm (H). In each tank, the macroporous spherical carriers were fully packed to form a type of fixed-bed reactor. By this package of the carriers, the total porosity was above 60%. At the bottom of each tank, aeration tubes were settled at every 50 cm to aerate the wastewater alternatively along the flow direction. The artificial wastewater shown in Table 1 (Xing et al., 2000) was pumped into reactor-I and then went through reactor-II. By this operation, the total distance of the water flow reached 100 cm. Incidentally, there was no settling tank in the exit of the bioreactor. Long-term continuous running was carried out.
Experiments for exploring the mechanism of sludge reduction in an rCAA bioreactor
In order to investigate the mechanisms of the reduction of excess sludge in rCAA, a series of model experiments were carried out.
Microbial utilisation of digestion product from aerobic sludge
Aerobic sludge sampled from the aeration sites of the rCAA bioreactor was centrifuged at 6000 rpm for 10 min, after which the sediment was washed with deionised water three times. Sludge was then re-suspended with 250 ml water in a 500 ml hermetic stirred conical flask. By this procedure, the final microbial concentration was approximately 1.84 gMLSS/L. Nitrogen gas was supplied at the beginning to ensure an anaerobic condition. Three parallel experiments were carried out with different anaerobic digestion times of 7, 15 and 21 d. At the end of the sludge digestion, the mixed liquid was centrifuged, and the supernatant was considered to be the anaerobic digestion product of the aerobic sludge.
An equal mass amount of the aerobic sludge was placed in the above digestion products in a 500 ml conical flask and air was supplied through a sparger. During the degradation, COD was measured each hour to detect the microbial utilisation of the digested products from aerobic sludge. Aerobic and anaerobic sludge from the bioreactor were centrifuged and mixed with different ratios. Mixtures were re-suspended with 250 ml water. Nitrogen gas was supplied into the hermetic flask at the beginning. The flasks were then shaken at 130 rpm, 27 8C. Pure aerobic sludge and anaerobic sludge were used as controls. COD and SS were detected during the degradation process.
Decoupling of the microbial anabolism and catabolism
Sludge from the bioreactor was mixed with wastewater (COD 480 mg/L) in a 500 ml conical flask and then aerated by an air sparger. After 2 h, the aeration was stopped for 3.5 h, making the flask anaerobic. After a predetermined time, the aeration was introduced again to change the flask from an anaerobic to an aerobic environment. Concentrations of ATP, COD and SS were detected in these alternative aerobic and anaerobic conditions. Analysis COD, total nitrogen (T-N) and total phosphor (T-P) of the influent and effluent were detected by a standard method (Wei et al., 1989.) . TOC was detected with a TOC analyser (Shimadzu TOC-500, Japan). DO was measured by a DO detector (Eburu Mk-250, Japan). In order to evaluate the on-site sludge reduction in the rCAA, SS of the effluent was detected during the operation by standard methods (Wei et al., 1989.) . ATP was measured with an ENLITEN ATP Assay kit (Yu, 1990) .
Results and discussion rCAA bioreactor performance
In the first 63 days, batch culture was adopted to begin the rCAA bioreactor. After that, artificial wastewater was continuously pumped into the bioreactor. HRT was 35 h in batch operation and was then changed to 13 h after 160-d operation for continuous cultivation.
As shown in Figure 2 , when the influent COD and TOC was 300-700 mg/L and 100-350 mg/L, respectively, the effluent COD was under 100 mg/L, and TOC was under 20 mg/L. The respective removal rate in terms of COD and TOC were above 80 and 90%, indicating the effective removal performance of the rCAA bioreactor.
Since there was no settling tank in the bioreactor, SS in the effluent can reflect the excess biomass yield in the bioreactor. Figure 3 shows the change in SS in the effluent with cultivation time, and the average SS was 13 mg/L for 460-d operation. During the whole operation, the bioreactor has stably shown a good performance, and no occurrence of sludge blocking and accumulation was found. The occurrence of the on-site sludge reduction in the rCAA was also proved by the result that the T-P concentration of the effluent was almost equal to that of the influent, as shown in Figure 4 .
Examination of mechanism of sludge reduction in the bioreactor
Microbial behaviour in the rCAA bioreactor can be considered as follows: aerobes grow on the nutrient in the wastewater, then the grown aerobes flow into the adjacent anaerobic region where the aerobes will be entrapped into the pores of the carriers for digestion, releasing the soluble organics, and the digested biomass is utilised by the anaerobic sludge or aerobic sludge in the next regions. In addition, the undigested microbes transferred by the flow will experience the alternative changes of the environment from aerobic to anaerobic conditions and then to the next aerobic condition, which will affect the microbial metabolism.
Utilisation of anaerobic digestion product from the aerobic sludge. As shown in Figure 5 , the anaerobic digestion product of the aerobic sludge from the rCAA bioreactor can be well reutilised by the aerobic sludge. Although the digestion product has a higher COD under longer digestion times, the final COD by the aerobic degradation reached almost the same level regardless of the anaerobic digestion time. Furthermore, the COD removal rates are almost equal in the three parallel experiments.
Biomass degradation by mixing the aerobic and anaerobic sludge. As shown in Figure 6 , the change in soluble COD for different sludge was obviously different under the anaerobic conditions. The soluble COD in case of the pure anaerobic sludge had almost no change under the anaerobic environment. Change of soluble COD for the pure aerobic sludge indicated the occurrence of the anaerobic digestion, and the final COD was high because of the microbial lysis. In contrast, COD in mixed aerobic sludge and anaerobic sludge had a slight increase during the first 72 h, when the COD in the pure aerobic sludge had reached approximately 900 mg/L, indicating that the released COD from the aerobic sludge can be degraded, probably mainly by the anaerobic sludge in the mixture.
In addition, mass ratio of the anaerobic sludge to aerobic sludge significantly affected the decreased amount of total sludge (Figure 7) . As the mass ratio of the anaerobic to aerobic sludge increased, the ratio of the decreased sludge to the original aerobic sludge increased correspondingly, and reached a highest value of 80.5%. This result clearly implied that mixing the anaerobic and the aerobic sludge under the anaerobic in the bioreactor can lead to sludge reduction by the anaerobic digestion, followed by microbial degradation. The sludge reduction was dependent on the mass ratio of the two types of sludge.
Decoupling of the microbial anabolism and catabolism under alternative aerobic and anaerobic operation. ATP is indispensable to microbial growth. Thus, decoupling of microbial anabolism and catabolism is desirable for sludge reduction from the view-point of the biological metabolism. Changes in the microbial metabolism under the repeated coupling of the aerobic and anaerobic conditions were thus examined. Figure 8 shows the variation of ATP, SS and COD under the alternative aerobic and anaerobic conditions. COD decreased in the whole process because of the bacterial degradation, and SS increased in the first aerobic period because of the bacterial growth. When the aeration was stopped, the ATP content of sludge and the SS decreased sharply, implying the aerobe's metabolism was suppressed because of lack of oxygen. After that, when Mass ratio of decreased dry weight to that of the origin aerobic sludge (g/g)
Mass ratio of microbes at anaerobic region to that at aerobic region (g/g) Figure 7 Relationship between decreased sludge percentage and original sludge components Figure 8 Change of COD, SS and ATP during the alternate aerobic and anaerobic conditions the aeration was restarted, the ATP level increased very slowly, while the SS still decreased early on. SS began to increase after 1 h during the second aeration. This indicated the occurrence of the decoupling of anabolism and catabolism by the alternative aerobic and anaerobic operation. Detailed analysis for this phenomenon is still on-going.
Conclusions
Aimed at on-site reduction of excess sludge, we developed a new biological wastewater treatment process, without a settling tank, by repeatedly coupling of aerobes and anaerobes (rCAA). During a 460-d continuous operation of the bioreactor, COD and TOC were effectively removed; average SS in the effluent was 13 mg/L. Experiments for examining the mechanism of sludge reduction in the bioreactor showed that the anaerobic digestion product of the aerobic sludge can be well re-utilised by aerobic microbes. When the mass ratio of the anaerobic to aerobic sludge was around 0.7, the ratio of decreased sludge to the original aerobic sludge reached a highest value of 80.5%. Decoupling of the microbial anabolism and catabolism can presumably occur in the bioreactor. Microscopic observation also indicated that the rCAA bioreactor could form a complex microbial community with more metazoan.
